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INTRODUCTION 
Thermal Nondestructive Testing (TNDT) is an increasingly common technique for 
detecting delaminations in structures[ 1-7]. Typically, TNDT uses radiative heaters such as 
flash or quartz lamps to heat the specimen. Before during and after radiative heating, an 
infrared imager measures the surface temperature. Since this process is a noncontacting 
and imaging method, it has several advantages over conventional contacting techniques. It 
is able to rapidly inspect a square meter of structure in minutes. It also is easy to inspect 
curve surfaces. A principle disadvantage is its lack of sensitivity to delaminations at depths 
greater than 112 the thickness of the structure. 
It is possible to increase the sensitivity of the technique by tailoring the shape of the 
radiative heating. For flash lamps the heating is typically of a duration that is very short 
relative to the characteristic time response of the structure. However, flash lamps do not 
allow for shaping of the pulse. With quartz lamps, it is easy to change the duration of the 
radiative heating, yet difficult to vary its absolute amplitude. To tailor the radiative heating 
it would be desirable to control amplitude. This includes a need for negative heating, i.e., 
cooling. Both are possible, however, impractical in a conventional setting, particularly 
radiative cooling. Applying convective cooling is an alternate to radiative cooling. 
By comparison, tailoring the radiative pulse shape computationally is trivial. The 
thermal response of the structure to an impulse of radiative heating is calculated. The 
thermal response to a heat pulse of any shape is determined by convolving the impulse 
response with the shape of the pulse. Therefore given the thermal impulse response of the 
structure, computationally it is possible to generate its response to a pulse of arbitrary 
shape. 
Experimentally, the impulse response of the structure is determined by measuring the 
thermal response of the structure to a heating pulse of duration much shorter than the 
inverse of the sampling rate of the thermal response. For most thermographic systems, a 
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flash lamp with a heating pulse of 5 to 10 msec gives a heating pulse shorter the inverse of 
sampling rate. Convolving an arbitrary pulse shape with the thermal response from the 
flash lamps yields in a signal which is equivalent to heating with the arbitrary pulse shape 
(assuming no noise). Computationally the pulse shape can be optimize to maximize the 
sensitivity of the technique for the detection of a defect at a given depth. An alternate 
interpretation is designing a optimized temporal filter for detection of a defect at a given 
depth. 
This technique was applied to the detection of deep flat bottom holes in a 
homogeneous material[8]. The results indicated a significant improvement in the 
detectability of deeper holes using computational pulse shaping. This paper considers the 
robustness of the technique by examining delaminations in three different composite 
sample. The next section discusses constructing of a pulse shape for improving the 
sensitivity of TNDT to defects at different depths. The subsequent sections discuss 
experiment procedures and results on the composite samples. 
CONSTRAINTS FOR DETERMINATION OF OPTIMIZE PULSE SHAPE 
Determining an optimize pulse shape with improved sensitivity requires a definition 
of a figure of merit which is an indicator of improved sensitivity. A previously used figure 
of merit[9] is the contrast between the defective and the surrounding nondefective region 
of the specimen defined as 
(1), 
where sd(t) and sn(t) are the thermal responses for the defective and nondefective regions 
respectively and O'd(t) and O'n(t) are the standard deviations for the two regions. Contrast is 
not an absolute measurement, however it is a good indicator of the relative improvement in 
the sensitivities obtained when varying parameters. 
There exist a infinite number of equivalent pulse shapes which give the same value 
for contrast. To reduce the degeneracy of the problem, other constraints are place on the 
design of the filter. These constraint also tended to increase the robustness of the 
technique. 
The first constraint for the pulse shape design is that when the pulse shape is 
convolved with the experimental data, the amplitude of the random noise does not 
changed. Ifthe pulse shape is represented by the discreet time series {Po, Pl, ... ,Pn-d, this 
constraint is satisfied if 
N -1 2 
L p = 1 n (2). 
n=O 
This has the desired effect of significantly reducing the degeneracy of the problem, since 
for any given shape an infinite number of shapes with a equivalent contrast can be found 
by mUltiplying the shape by any constant. 
A second constraint is the pulse shape has a mean value of zero or 
N-l 
L p = 0 n (3). 
n=O 
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This improves the robustness of the design since convolving the pulse shape with the data 
is removes bias from detector or back ground reflections. This is equivalent to a common 
thermographic technique of subtracting a back ground image to remove the effect of 
stationary reflections in the infrared data. An additional advantage of this constraint when 
inspecting for delaminations, is that it reduces the relative amplitude of the response from 
delaminations close to the surface that dominate the images when present. 
A third constraint on the design of the pulse is the response that for the nondefective 
region of the specimen must be approximately zero at the measurement time. An 
advantage of this constraint is that it reduces the effects from uneven heating (assuming 
little or no lateral heat flow). Nondefective regions will all tend to zero independent of the 
initial spatial distribution of input flux. This also reduces the probability of spacial 
variations in emissivity being identified as flaws. 
A multiparameter minimization algorithm determines an optimized shape for the 
pulse. The pulse shape is assumed to be relative smooth and therefore adequately represent 
by 5 independent amplitudes of the pulse at 5 times separated by time intervals 114 the 
duration of the pulse. A cubic spline interpolation determines the shape of the pulse 
between the 5 independent amplitudes. A preset boundary condition is the second 
derivative of the shape is zero at the end points. The 5 independent amplitudes are the 
parameters for the minimization algorithm. 
The cost function for the minimization algorithm reflects both the need to maximize 
the contrast and minimize the amplitude of the response in nondefective regions. The cost 
function is 
where {a], ... ,a5} are the 5 independent amplitudes, sd(t) and sn (t) are the mean 
response for the defective and non defective regions defined below. The first part of the 
cost function is the inverse of the contrast and reflects the desire to maximize the contrast. 
The second part reflects the constraint that the response for nondefective regions be 
approximately zero at the time of interest. In the algorithm for determining the shape of 
the pulse from the 5 independent parameters, the first and second conditions are handle 
explicitly. 
The effective responses sn(t) and sd(t) are the effective signals for a pulse {Po, 
Pl, ... ,Pn-l}' The measured responses are a discreet time series, therefore sn(t) and sd(t) are 
a discreet time series calculated by convolving the measured response with the pulse 
shape. The discreet convolution is defined as 
N -1 
L Pnr(ti - n) (5), 
n=O 
where r(ti) is the measured response at ti' Measured responses from 25 positions in the 
region of the defect are convolved with the pulse shape and averaged to determine the 
values for s d (t) and ad' Measured responses from 25 positions in the region between the 
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Figure 1. Thermal diffusivity images of the three composite samples. 
For these conditions the optimal pulse shape is the global minimum for the cost 
function. The minimization algorithm finds the closest local minimum to the initial values 
chosen for {al, ... ,as}. To attempt to find the global minimum, for each setting many 
randomly chosen initial values were tested. This combined with the minimization 
algorithm tend to give reproducible results. 
SPECIMEN DESCRIPTION 
The robustness of the methodology was tested on three composites specimens 
supplied by Marshall Space Flight Center with delaminations of different sizes and shapes 
at the center of the composite. The delaminations were produced by a variety of methods 
before fabrication of the composites. Figure 1 shows diffusivity images of the samples 
obtain from a two sided measurement. The delaminations are clearly visible in these 
images. The samples are 0.3 cm thick plate and approximately square, 30.5 cm on a side. 
MEASUREMENT OF THERMAL RESPONSE OF SPECIMEN 
An infrared imager based thermographic measurement system measured the thermal 
response of the specimen. Two flash lamps radiatively heated the surface of the specimen. 
A commercial infrared imager with a single scanned HgCdTe detector imaged the surface 
radiation in the 8-12 !lm range. The imager produces full field measurements at 30 hertz. 
The output is video conforming to RS 170 format. This output is input into an image 
processor. The image processor performs an 8 bit digitization of the video signal and real 
time averaging of the digitized data into 16 bit images. The averaged signal is stored in the 
image processors memory. A computer synchronizes the acquisition of the digitized data 
and the application of heat by the flash lamps. 
The thermal response of the composite is relatively slow, therefore digitizing at 30 
hertz over sampled its response. A more reasonable sampling rate of 10 hertz is achieved 
by averaging 2 images from the infrared imager with an additional 1/30 second require to 
store the image. The averaged images are 256 by 256 pixel. A total of 64 images is 
recorded. The first stored image is the averaged input from the infrared imager 
immediately proceeding the flash heating. This image is the base line for all subsequent 
measurements. The subsequent 63 stored images are the averaged output of the infrared 
imager following the flash heating. The resulting time record is approximately 6.4 seconds 
long. Before any other processing, the base line is subtracted from all other images. 
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Measured Respon e Pul e Shaded Response 
Figure 2. Comparison of measured response and pulse shaped response for sample 1. Both 
images correspond to times with maximum contrast. 
MEASUREMENT RESULTS ON SPECIMEN COMPOSITE SPECIMENS 
Results from sample 1 are shown in Figure 2, Both the images shown have the 
maximum contrast found for the measured data and the pulse shaped data. Both of these 
images and all the following images are scale to give a rms noise level of 1. The same 
pulse shape is convolved with the data to generate the pulse shaped images. As a reference 
defect for Equation 4, the delamination in the upper right corner of sample 1 is used. The 
initial contrast between the flaw and unflawed regions for this samples was 5.0. Following 
the computational pulse shaping, the contrast increase by a factor of 3 to 16.8. The 
contrasts between flawed and unflawed regions in the unprocessed data varied from 5 to 9, 
with the contrast typically increasing with flaw size. Following processing the contrast 
ranged from 7 to 21. The ratios of contrast for a given flaw after processing to before 
processing ranged from 2 to 3. This indicates the technique is robust since the pulse shape 
was designed for only one of the flaws. 
Figure 3 shows the results from sample 2. Both the images shown have the maximum 
Measured Re ponse Pul e Shaded Re pon e 
Figure 3. Comparison of measured response and pulse shaped response for sample 2. Both 
images correspond to times with maximum contrast. 
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Figure 4. Comparison of measured response and pulse shaped response for sample 3. Both 
images correspond to times with maximum contrast. 
contrast found for the measured data and the pulse shaped data. The pulse shape 
convolved with the data is the same shape as used for sample 1. While many of the 
delaminations are not visible in the unprocessed data. However, they are visible in the 
processed data. The contrasts between flawed and unflawed regions in the unprocessed 
data varied from 1 to 4, with the contrast typically increasing with flaw size. Following 
processing the contrast ranged from 3 to 11. The ratios of contrast for a given flaw after 
processing to before processing ranged from 2 to 3. 
Figure 4 shows the results from sample 3. Both the images shown have the maximum 
contrast found for the measured data and the pulse shaped data. The pulse shape 
convolved with the data is the same shape as used for sample 1. This sample has the 
smallest delaminations and many of the delaminations are barely visible in the 
unprocessed data and processed data. The contrasts between flawed and un flawed regions 
in the unprocessed data varied from 0.5 to 3.5. Following processing the contrast ranged 
from 1 to 8. The ratios of contrast for a given flaw after processing to before processing 
ranged from 1 to 2. The improvement in contrast for samples 2 and 3 indicate the 
techniques is very robust. 
SUMMARY AND FUTURE DIRECTIONS 
Computational pulse shaping is an effective technique for increasing the contrast 
between flawed regions and unflawed regions when the flaws fabricated delaminations. 
For this case the increase in contrast average 2.5 for these composites samples with the 
delaminations at the center of the composite. This is in good agreement with results found 
on flat bottom holes in a plastic sample[8]. In that effort flaws deep in the structure had an 
improvement in contrast of it factor of 6. This enables the detection of deep flaws not 
visible in the measured responses. 
The design of the pulse shape is based on an minimization routine that locates the 
local minimum in the region of the initial guess for the pulse shape. A future effort will 
focus on the development of a routine that finds the global minimum. The cost function 
chosen for the shape of the pulse also needs further refinement to insure the pulse shape 
produces the desired effect. Addition advantages may also be gained by developing a 
methodology for mapping the response from quartz lamp heating to the response for the 
effective pulse shape. 
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